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Description
Field
[0001] Embodiments discussed herein relate to a mo-

tor, a motor system, and a detection method of a me-
chanical angle of the motor.

Background

[0002] A position of a rotor is detected to control rota-
tion of a motor. Conventionally, a position detector such
as an encoder has generally been used to detect a rota-
tional position of the rotor of the motor. However, a tech-
nique for detecting a position of a rotor without using an
encoder has been sought from the viewpoints of wire
saving, space saving, and improvement of reliability in a
harsh environment.

[0003] Asanexample, such atechnique is implement-
ed by utilizing a value corresponding to a change of mag-
netoresistance of a magnetic pole attached to a rotary
shaft, in which the change of the magnetoresistance is
caused by a change of inductance of a coil winding at a
stator side due to a change of a rotational position (a
position depending on a displacement of a mechanical
angle) of a rotor (see, for example, Patent Literature 1).

Citation List
Patent Literature

[0004] Patent Literature 1: Japanese Laid-Open Pat-
ent Publication No. 2010-166711

Summary
Technical Problem

[0005] However, the above-mentioned technique of
Patent Literature 1 could merely have estimated, at the
best, a relative mechanical angle only through an elec-
trical angle. That is, the conventional technique that in-
cludes Patent Literature 1 could not directly have esti-
mated an absolute mechanical angle that indicates an
absolute position of a rotor.

[0006] An aspect of embodiments has been achieved
in view of the above and its object is to provide a motor,
a motor system, and a detection method of a mechanical
angle of the motor that are capable of estimating an ab-
solute mechanical angle of a rotor.

Solution to Problem

[0007] Accordingto an embodiment, a motor includes:
a stator in which a plurality of coils are wound around
respective slots for each of a plurality of phases, a
number of turns of one of the plurality of coils being dif-
ferent from those of others for each of the phases; and
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a rotor that is arranged opposite to the stator through a
predetermined air gap, among a plurality of magnetic
poles formed of a plurality of permanent magnets ar-
ranged in a circumferential direction of a core, a magne-
toresistance of at least one magnetic pole being different
from those of others.

Advantageous Effects of Invention

[0008] According to an aspect of embodiments, it is
possible to accurately estimate a rotational position of a
rotor without using an encoder.

Brief Description of Drawings
[0009]

FIG. 1 is a block diagram illustrating a general con-
figuration of a motor system according to an embod-
iment.

FIG. 2 is a longitudinal sectional view illustrating a
motor that is included in the above-mentioned motor
system.

FIG. 3 is a transverse sectional view illustrating a
motor according to a first embodiment.

FIG. 4 is a graph that is an example of base data for
detecting a mechanical angle, the graph illustrating
current amplitude with respect to high-frequency
voltage application at a position of each phase of a
motor.

FIG. 5 is a diagram illustrating exemplary steps of a
detection method of a mechanical angle of the
above-mentioned motor.

FIG. 6A is a diagram illustrating an exemplary first-
half steps of the detection method of the mechanical
angle of the above-mentioned motor.

FIG. 6B is a diagram illustrating an exemplary sec-
ond-half steps of the detection method of the me-
chanical angle of the above-mentioned motor.

FIG. 7Ais a diagram illustrating movement of a rotor
of the above-mentioned motor.

FIG. 7B is a diagram illustrating movement of the
rotor of the above-mentioned motor.

FIG. 7C is a diagram illustrating movement of the
rotor of the above-mentioned motor.

FIG. 8 is a transverse sectional view illustrating a
motor according to a second embodiment.

FIG. 9 is a transverse sectional view illustrating a
motor according to a third embodiment.

FIG. 10Ais a diagram illustrating an exemplary first-
half steps of a detection method of a mechanical
angle of the above-mentioned motor.

FIG. 10B is a diagram illustrating an exemplary sec-
ond-half steps of the detection method of the me-
chanical angle of the above-mentioned motor.

FIG. 11 is a graph that is an example of base data
for detecting the mechanical angle, the graph illus-
trating a value of electric current with respect to the
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mechanical angle of the motor for each phase.
FIG. 12Ais adiagramillustrating movement of arotor
of the above-mentioned motor.

FIG. 12B is a diagram illustrating movement of the
rotor of the above-mentioned motor.

FIG. 12C is a diagram illustrating movement of the
rotor of the above-mentioned motor.

FIG. 12D is a diagram illustrating movement of the
rotor of the above-mentioned motor.

Description of Embodiments

[0010] Embodiments of a motor, a motor system, and
a detection method of a mechanical angle of the motor
that are disclosed in the present application will be de-
scribed in detail below, with reference to the accompa-
nying drawings. However, the present invention is not
limited to illustrations of the following embodiments.

First embodiment

[0011] FIG. 1 is a block diagram illustrating a general
configuration of a motor system according to a first em-
bodiment. As illustrated in the drawing, a motor system
1includes a motor 10 and a control device 20. The control
device 20 includes arotor control unit 21 (that may simply
be called a "control unit 21" below), an inductance meas-
urement unit 22 (that may simply be called a "measure-
ment unit 22" below), a storage unit 23, and a mechanical
angle estimation unit 24.

[0012] FIG. 2is alongitudinal sectional view illustrating
the motor 10 thatis included in the above-mentioned mo-
tor system 1 and FIG. 3 is a transverse sectional view
illustrating the motor 10 according to the first embodi-
ment.

[0013] The motor 10 includes a rotor 17 that has a cy-
lindrical rotor core 17a and permanent magnets 18, and
a stator 16 that is arranged opposite to this rotor 17
through an air gap 19. The rotor 17 and the stator 16 are
concentrically arranged centered at a shaft center Ax of
a rotating shaft 11 (see FIG. 2).

[0014] As illustrated in FIG. 2, the rotor 17 is attached
to the rotating shaft 11. The rotating shaft 11 is rotatably
held by brackets 13A, 13B fastened on a frame 12,
through bearings 14A, 14B. The stator 16 is such that its
periphery is held by the frame 12.

[0015] It is preferable for the rotor 17 to be such that
the total number of magnetic poles (magnetic pole
number) on a surface that faces the air gap 19 is at least
4 or more. Herein, the rotor 17 has six magnetic poles
that face the air gap 19.

[0016] As illustrated in FIG. 3, the rotor 17 is such that
six magnetic poles formed by arranging a pair of the per-
manent magnets 18, 18 in a substantial V-shape are pro-
vided in the rotor core 17a in a circumferential direction
thereof. That is, the rotor 17 according to the present
embodimentis an internal permanent magnet (IPM) mo-
tor where the total number of magnetic poles is six.

10

15

20

25

30

35

40

45

50

55

[0017] The motor 10 according to the first embodiment
is such that a magnetoresistance of at least one of the
six magnetic poles is different from those of the others.
A magnetic pole with a magnetoresistance different from
those of the others is an index magnetic pole 181 that is
an index in the rotor 17. Asiillustrated in FIG. 3, the index
magnetic pole 181 in the first embodiment is configured
in such a manner that grooves 182 are formed on a por-
tion of the rotor core 17a (that may be described as a
"core portion" below) that is included in at least one of
the plurality of magnetic poles.

[0018] Thatis, the index magnetic pole 181 is provided
by forming a pair of the grooves 182, 182 provided at a
predetermined interval in the circumferential direction on
one of the magnetic poles configured in such a manner
that a pair of the permanent magnets 18, 18 is arranged
in a substantial V-shape. Herein, the grooves 182 are
formed at positions opposed to respective outer ends of
the permanent magnets 18, 18 that are arranged so as
to open in a substantial V-shape toward a periphery side
of the rotor core 17a. Although one index magnetic pole
181 is provided herein, a plurality thereof can also be
provided.

[0019] As illustrated in FIG. 3, each groove 182 is
formed into a keyhole shape. That is, the groove 182 is
composed of a rectangular groove 182a that notches the
stator core 17a from a periphery to an internal portion,
and a circular groove 182b that is continuous with this
rectangular groove 182a. Herein, a diameter of the cir-
cular groove 182b is greater than a length of one side of
the rectangular groove 182a that has a substantial
square shape.

[0020] A shape of the groove 182 is not necessarily
limited to a keyhole shape and can also be an appropriate
shape. It can also be a (not-illustrated) hole that is formed
so as to separate from a periphery of the rotor core 17a,
instead of the groove 182 that is continuous with the pe-
riphery of the rotor core 17a. It is also possible to design
a shape of such a hole appropriately. For the number of
the grooves 182 and their arrangement, it is possible to
design them appropriately.

[0021] Thus, the motor 10 in the present embodiment
has the at least one index magnetic pole 181 with a mag-
netoresistance greater than those of the others among
the plurality of magnetic poles that are formed of the plu-
rality of permanent magnets 18 arranged in a circumfer-
ential direction of the rotor core 17a.

[0022] On the other hand, the stator 16 is configured
in such a manner that a plurality of coils 162 are wound
around respective slots 161 for each of a plurality of phas-
es. The number of turns of one of the plurality of coils
162 is different from those of the others for each phase.
That is, the stator 16 in the motor 10 according to the
present embodiment is a three-phase and nine-slot sta-
tor, where phase A (A1, A2, A3), phase B (B1, B2, B3),
and phase C (C1,C2, C3) are provided at a phase of 120
degrees one another.

[0023] As illustrated in FIG. 3, the stator 16 according
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to the present embodiment is such that the numbers of
turns of the coils 162 that are concentrated-wound in
each phase of the alternate current three phases are N2
turns for phase A2 in phase A, phase B1 in phase B, and
phase C3 in phase C and N1 turns for the others.
[0024] As illustrated in the drawing, the rotor 17 is me-
chanically compartmented into sectors 1, 2, and 3 at a
counterclockwise interval of a mechanical angle of 120
degrees (electrical angle of 360 degrees). The coil 162
with N2 turns is present in each of the sectors 1, 2, and
3. N1 turns and 2 turns that indicate the numbers of turns
are set at appropriate numbers, for example, 30 turns,
60 turns, or the like, in such a manner that both of them
are different. The mechanically compartmented sectors
1, 2, and 3 are stored in the storage unit 23 as sector
information.

[0025] Due to the configuration described above, it is
difficult for magnetic flux to pass through a portion that
is the groove 182, and hence, an inductance is different
depending on its relations to the number of turns for the
slot 161 in the stator 16 and the index magnetic pole 181
of the rotor 17. Therefore, detection of a mechanical an-
gle is possible due to a difference from an inductance for
an adjacent phase.

[0026] Thus,themotor 10 according to the presentem-
bodimentis such that magnetic poles of the rotor 17 have
rotationally asymmetric magnetoresistances and the sta-
tor 16 has rotationally asymmetric numbers of turns of
the coils 162 on the slots 161. For that reason, for exam-
ple, a magnetic flux density in the air gap 19 that is gen-
erated by the rotor 17 changes at each position of the
index magnetic pole 181 in a case where a mechanical
angle of 360 degrees is one period, so that a magnetic
flux distribution is not rotationally symmetric in a circum-
ferential direction of the rotor 17.

[0027] Such achange of a magnetic flux density is ex-
hibited as, for example, a change of an inductance. This
change of an inductance can be detected by measuring
electric current amplitude at the time of application of a
high-frequency voltage or measuring voltage amplitude
at the time of application of a high-frequency electric cur-
rent. Therefore, it is not necessary to calculate or meas-
ure an inductance directly.

[0028] For that reason, the inductance measurement
unit 22 of the control device 20 illustrated in FIG. 1 meas-
ures electric current amplitude at the time of application
of a high-frequency voltage, and thereby, detects a
change of an inductance.

[0029] Herein, a detection method of a mechanical an-
gle willbe described by using FIG. 4 and FIG. 5in addition
to FIG. 1 to FIG. 3. FIG. 4 is a graph that is an example
of base data for detecting a mechanical angle, the graph
illustrating current amplitude with respect to high-fre-
quency voltage application at a position of each phase
of the motor 10 according to the present embodiment. In
this FIG. 4, a condition of the numbers of turns of the
coils 162 is a case of N1 < N2. FIG. 5 is a diagram illus-
trating exemplary steps of a detection method of a me-
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chanical angle of the motor 10.

[0030] Detection of a mechanical angle of the rotor 17
in the motor 10 according to the present embodiment can
be executed without utilizing a position detector such as
an encoder. That is, detection of a mechanical angle of
the rotor 17 is executed by the control device 20 illustrat-
ed in FIG. 1 in accordance with stepsillustrated in FIG. 5.
[0031] The storage unit23 of the control device 20 pre-
liminarily stores, as a reference inductance, an induct-
ance characteristic in a case where the index magnetic
pole 181 of the rotor 17 is present at a position that cor-
responds to each slot 161 of the stator 16, before going
to steps in FIG. 5.

[0032] For example, as illustrated in FIG. 4, a table of
data that associate a mechanical angle that indicates a
position of the rotor 17 with an effective value of electric
current at the time of application of a high-frequency volt-
age, or the like, is made and stored in the storage unit
23. FIG. 4 illustrates an effective value of electric current
in a case were a high-frequency voltage is applied when
the index magnetic pole 181 is present at a position that
corresponds to each phase. Phase A (A1, A2, A3), phase
B (B1, B2, B3), and phase C (C1, C2, C3) that are illus-
trated in FIG. 3 and FIG. 4 correspond to one another.
Although FIG. 4 illustrates an effective value of electric
current, a peak value of electric current amplitude may
be used instead of the effective value of electric current.
[0033] When going to steps in FIG. 5, the control unit
21 of the control device 20 first detects an initial electrical
angle phase (step S100). The detected initial electrical
angle phase is stored in the storage unit 23. This detec-
tion of an initial electrical angle phase utilizes a magnetic
saliency of the motor 10, and can be executed by a well-
known detection method that utilizes, for example, a high-
frequency signal, and a magnetic saturation character-
istic, a magnetic hysteresis characteristic, or the like.
[0034] Then, the control unit 21 moves the index mag-
netic pole 181 to a position that corresponds to a closest
first phase (one of electrical angles of 0, 120, and 240
degrees) and the measurement unit 22 measures a first
inductance (step S110). For example, the control device
20 moves the index magnetic pole 181 to a position in-
dicated by A, in FIG. 3 where an electrical angle is 0
degrees and the number of turns of the coil 162 is N1,
and measures a fist inductance.

[0035] Then, the control unit 21 moves the index mag-
netic pole 181 to a position that corresponds to an adja-
cent second phase and the measurement unit 22 meas-
ures a second inductance (step S120). For example, the
control device 20 moves the index magnetic pole 181 to
a position indicated by B4 in FIG. 3 where an electrical
angle is 120 degrees and the number of turns of the coil
162 is N2, and measures a second inductance.

[0036] The control unit 21 further moves the index
magnetic pole 181 to a position that corresponds to a
third phase and the measurement unit 22 measures a
third inductance (step S130). For example, the control
device 20 moves the index magnetic pole 181 to a posi-
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tion indicated by C, in FIG. 3 where an electrical angle
is 240 degrees and the number of turns of the coil 162
is N1, and measures a second inductance. Subsequent-
ly, the control unit 21 causes its process to go to step
S140.

[0037] At step S140, the control unit 21 causes the
mechanical angle estimation unit 24 to compare the in-
ductances measured at steps S110, 120, and 130 with
the reference inductance characteristics that are prelim-
inarily stored in the storage unit 23. The mechanical angle
estimation unit 24 detects (estimates) a mechanical an-
gle of the rotor 17 from a magnitude relation of values of
the plurality of (herein, three) measured inductances and
the inductance characteristics illustrated in FIG. 4 (step
S150). For example, if steps S110, 120, and 130 execute
measurement at positions of phase A, phase B, and
phase C, respectively, acase where a second inductance
is greatest among measured inductances is one of A,
B4, and C,. For example, if a position at the last step
S130 is phase C, an obtained mechanical angle is Cy,
namely, 80 degrees.

[0038] Thus, the control device 20 preliminarily an in-
ductance characteristic in a case where the index mag-
netic pole 181 of the rotor 17 is present at a position that
corresponds to each slot 161 of the stator 16, and detects
an initial electrical angle phase. For that reason, the con-
trol device 20 uses, and compares detected inductances
with, base data (see FIG. 4), whereby a mechanical angle
of the rotor 17 can be detected.

[0039] The description for measurement of an induct-
ance in a step based on FIG. 5 can be read as measure-
ment of electric current amplitude at the time of applica-
tion of a high-frequency voltage as described previously.
[0040] A detection method of a mechanical angle of
the motor 10 described above has the following steps
that are executed by the control device 20.

(a) A step of preliminarily storing an inductance char-
acteristic in a case where the index magnetic pole
181 that is an index of the rotor 17 is present at each
slot 161 of the stator 16. (b) A step of detecting an
initial electrical angle phase of the rotor 17 by utilizing
magnetic saliency of the motor 10. (c) A step of mov-
ing the index magnetic pole 181 to a first position
that corresponds to an arbitrary first phase based on
the initial electrical angle phase. (d) A step of apply-
ing a high-frequency signalto the first phase tomeas-
ure a first inductance. (e) A step of moving the index
magnetic pole 181 to a second position that is adja-
centto the first position and corresponds to a second
phase. (f) A step of applying a high-frequency signal
to the second phase to measure a second induct-
ance. (g) A step of moving the index magnetic pole
181 to a third position that is different from the first
position and the second position and corresponds
to a third phase. (h) A step of applying a high-fre-
quency signal to the third phase to measure a third
inductance. (i) A step of obtaining a mechanical an-
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gle of the rotor 17 based on a magnitude relation
among the first - third inductances measured at the
plurality of positions, and the stored inductance char-
acteristics. For example, a closest first phase can be
selected for the arbitrary first phase at step (c) so as
to reduce an amount of movement as described by
using FIG. 5.

[0041] A detection method of a mechanical angle of
the rotor 17 in the motor 10 according to the first embod-
imentillustrated in FIG. 3 can also be steps illustrated in
FIGS. 6A and 6B. In this case, it is also preferable to use
base dataasillustratedin FIG. 4. A variation of a detection
method of a mechanical angle of the rotor 17 will be de-
scribed below, by using FIG. 6A - FIG. 7C.

[0042] FIG. 6A and FIG. 6B are diagrams illustrating
an exemplary first-half steps and an exemplary second-
half steps of the detection method of the mechanical an-
gle of the motor 10. FIG. 7A to FIG. 7C are diagrams
illustrating movement of the rotor 17 of the motor 10. In
the following, an electrical angle may be denoted by 6e
and a mechanical angle may be denoted by 6m.

[0043] In this case, the storage unit 23 of the control
device 20 also preliminarily stores an inductance char-
acteristic in a case where the index magnetic pole 181
of the rotor 17 is present at a position that corresponds
to each slot 161 of the stator 16, before going to steps in
FIG. 6A.

[0044] When going to the stepsin FIG. 6A, the control
unit 21 of the control device 20 first detects an initial elec-
trical angle phase (step S200). In this case, detection of
an initial electrical angle phase can also be executed by
the well-known detection method described previously.
[0045] Then, the control unit21 determines whether or
not the detected initial electrical angle phase is a first
electrical angle phase (0 to 120 degrees) (step S210). In
acase where determination is provided in such a manner
thatit is the first electrical angle phase (step S210: Yes),
the control unit 21 causes its process to go to step S220.
On the other hand, in a case where determination is pro-
vided in such a manner that it is not the first electrical
angle phase (step S210: No), the control unit 21 causes
its process to go to step S230.

[0046] In a case where the detected initial electrical
angle phase is the first electrical angle phase (0 to 120
degrees), the control unit 21 moves the index magnetic
pole 181 to an electrical angle of 0 degrees. The meas-
urement unit 22 applies a high-frequency signal to detect
electric current amplitude (I_0) (step S220). That is, the
control device 20 applies a high-frequency signal at an
electrical angle of 0 degrees, where the index magnetic
pole 181 is at a position of one of Ay, Ay, and A3, to
measure a first inductance.

[0047] Then, the control unit 21 moves the index mag-
netic pole 181 to an electrical angle of 120 degrees and
the measurement unit 22 applies a high-frequency signal
to detect electric current amplitude (1_120) (step S221).
That is, the control device 20 applies a high-frequency
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signal at an electrical angle of 120 degrees, where the
index magnetic pole 181 is at a position denoted by one
of B4, By, and B3, to measure a second inductance.
[0048] Subsequently, the control unit 21 causes its
process to go to step S260 in FIG. 6B and causes the
mechanical angle estimation unit 24 to determine wheth-
eror not (I_120) - (I_0) is greater than I_sh. Herein, |_sh
is an appropriately defined determination criterion value.
[0049] If (I_120) - (I_0) > I_sh (step S260: Yes), base
data (see FIG. 4) are referred to, and thereby, a mechan-
ical angle 6m is set at 40 degrees. That is, as FIG. 4 is
referred to, an inductance difference between a position
of an electrical angle of 120 degrees (mechanical angle
of one of 40 degrees, 160 degrees, and 280 degrees)
and a position of an electrical angle of 0 degrees (me-
chanical angle of one of 0 degrees, 120 degrees, and
240 degrees) has a positive slope when the electrical
angle of 0 degrees and the electrical angle of 120 degrees
are present at positions of a mechanical angle of 0 de-
grees and a mechanical angle of 40 degrees for the index
magnetic pole 181, respectively. This corresponds to a
case where a first inductance is measured at position A,
of the index magnetic pole 181 as illustrated in FIG. 3
and a second inductance is measured at a position B4
of the index magnetic pole 181 as illustrated in FIG. 7A.
[0050] On the other hand, if not (I_120) - (I_0) > I_sh
(step S260: No), the mechanical angle estimation unit 24
determines whether or not (1_120) - (I_0) is less than-
I_sh (step S261).

[0051] If (1_120) - (I_0) <-l_sh (step S261: Yes), base
data (see FIG. 4) are referred to, and thereby, a mechan-
ical angle Om is set at 160 degrees. That is, as FIG. 4 is
referred to, an inductance difference between a position
of an electrical angle of 120 degrees (mechanical angle
of one of 40 degrees, 160 degrees, and 280 degrees)
and a position of an electrical angle of 0 degrees (me-
chanical angle of one of 0 degrees, 120 degrees, and
240 degrees) has a negative slope when the electrical
angle of 0 degrees and the electrical angle of 120 degrees
are present at positions of a mechanical angle of 120
degrees and a mechanical angle of 160 degrees for the
index magnetic pole 181, respectively. That is, this cor-
responds to a case where an inductance is measured at
each of positions A, and B, for the index magnetic pole
181.

[0052] On the other hand, if not (1_120) - (I_0) <-I_sh
(step S261: No), base data (see FIG. 4) are referred to,
and thereby, a mechanical angle 6m is set at 280 de-
grees. That is, as FIG. 4 is referred to, an inductance
difference between a position of an electrical angle of
120 degrees (mechanical angle of one of 40 degrees,
160 degrees, and 280 degrees) and a position of an elec-
trical angle of 0 degrees (mechanical angle of one of 0
degrees, 120 degrees, and 240 degrees) is little (a slope
near zero), that is, an absolute value of the difference is
less than I_sh, when the electrical angle of 0 degrees
and the electrical angle of 120 degrees are present at
positions of a mechanical angle of 240 degrees and a

10

15

20

25

30

35

40

45

50

55

mechanical angle of 280 degrees for the index magnetic
pole 181, respectively.

[0053] Onthe otherhand, atstep S230, the control unit
21 determines whether or not the initial electrical angle
phase is a second electrical angle phase (120 to 240
degrees). If determination is provided in such a manner
that it is the second electrical angle phase (120 to 240
degrees) (step S230: Yes), the control unit 21 moves the
index magnetic pole 181 to an electrical angle of 120
degrees. The measurement unit 22 applies a high-fre-
quency signal to detect electric current amplitude (1_120)
(step S240). Thatis, the control device 20 applies a high-
frequency signal at an electrical angle of 120 degrees,
where the index magnetic pole 181 is at a position of one
of B4, By, and B3, to measure a first inductance.

[0054] Then, the control unit 21 moves the index mag-
netic pole 181 to an electrical angle of 240 degrees, and
the measurement unit 22 applies a high-frequency signal,
to detect electric current amplitude (1_240) (step S241).
That is, the control device 20 applies a high-frequency
signal at an electrical angle of 240 degrees, where the
magnetic pole 181 is at a position of one of C4, C,, and
C,, to measure a second inductance.

[0055] Subsequently, the control unit 21 causes its
process to go to step S270 in FIG. 6B and causes the
mechanical angle estimation unit 24 to determine wheth-
er or not (I_240) - (1_120) is greater than I_sh.

[0056] If (1_240) - (I_120) > I_sh (step S270: Yes), the
mechanical angle estimation unit 24 refers to base data
(see FIG. 4), and thereby, sets a mechanical angle 6m
at 320 degrees. That is, as FIG. 4 is referred to, an in-
ductance difference between a position of an electrical
angle of 240 degrees (a mechanical angle of one of 80
degrees, 200 degrees, and 320 degrees) and a position
of an electrical angle of 120 degrees (a mechanical angle
of one of 40 degrees, 160 degrees, and 280 degrees)
has a positive slope at a position of a mechanical angle
of 320 degrees.

[0057] Onthe otherhand, if not (I_240) - (1_120) > I_sh
(step S270: No), the mechanical angle estimation unit 24
determines whether or not (1_240) - (I_120) is less than
-I_sh (step S271).

[0058] If (I_240) - (I1_120) < -l_sh (step S271: Yes),
base data (see FIG. 4) are referred to, and thereby, a
mechanical angle 6m is set at 80 degrees. That is, as
FIG. 4 is referred to, an inductance difference between
a position of an electrical angle of 240 degrees (a me-
chanical angle of one of 80 degrees, 200 degrees, and
320 degrees) and a position of an electrical angle of 120
degrees (a mechanical angle of one of 40 degrees, 160
degrees, and 280 degrees) has a negative slope at a
position of a mechanical angle of 80 degrees. This cor-
responds to a case where a first inductance is measured
at a position of the index magnetic pole 181 as illustrated
in FIG. 7A and a second inductance is measured at a
position of the index magnetic pole 181 as illustrated in
FIG. 7B.

[0059] Onthe other hand, if not (I_240) - (I_120) <-I_sh
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(step S271: No), base data (see FIG. 4) are referred to,
and thereby, a mechanical angle 6m is set at 200 de-
grees. That is, as FIG. 4 is referred to, an inductance
difference between a position of an electrical angle of
240 degrees (mechanical angle of one of 80 degrees,
200 degrees, and 320 degrees) and a position of an elec-
trical angle of 120 degrees (mechanical angle of one of
40 degrees, 160 degrees, and 280 degrees) is little or
has a slope near zero, that is, an absolute value of the
difference is less than I_sh, at a position of a mechanical
angle of 200 degrees.

[0060] On the other hand, at step S230, if determina-
tion is provided in such a manner that it is not a first
electrical angle phase (0 to 120 degrees) or a second
electrical angle phase (120 to 240 degrees) (step S230:
No), the mechanical angle estimation unit 24 causes its
process to go to step S250.

[0061] That is, the control unit 21 determines in such
a manner that it is a third electrical angle phase (240 to
360 (0) degrees) and moves the index magnetic pole 181
to an electrical angle of 240 degrees. The measurement
unit 22 applies a high-frequency signal to detect electric
current amplitude (1_240) (step S250). That is, the control
device 20 applies a high-frequency signal at an electrical
angle of 240 degrees, where the index magnetic pole
181 is at a position of one of C4, C,, and C3, to measure
a first inductance.

[0062] Then, the control unit 21 moves the index mag-
netic pole 181 to an electrical angle of 360 (0) degrees
and the measurement unit 22 applies a high-frequency
signal to detect electric current amplitude (I_0 (360))
(step S251). Thatis, the control device 20 applies a high-
frequency signal at an electrical angle of 360 degrees,
where the index magnetic pole 181 is at a position of one
of Ay, Ay, and A3, to measure a second inductance.
[0063] Subsequently, the control unit 21 causes its
process togotostep S280in FIG. 6B, and the mechanical
angle estimation unit 24 determines whether or not
(1_0)-(I_240) is greater than I_sh.

[0064] If (I_O) - (I_240) > |I_sh (step S280: Yes), the
mechanical angle estimation unit 24 refers to base data
(see FIG. 4), and thereby, set a mechanical angle 6m at
120 degrees. That is, as FIG. 4 is referred to, an induct-
ance difference between a position of an electrical angle
of 0 (360) degrees (mechanical angle of one of 0 degrees,
120 degrees, and 240 degrees) and a position of an elec-
trical angle of 240 degrees (mechanical angle of one of
80 degrees, 200 degrees, and 320 degrees) has a pos-
itive slope at a position of a mechanical angle of 120
degrees. This corresponds to a case where a firstinduct-
ance is measured at a position of the index magnetic pole
181 in FIG. 7B and a second inductance is measured at
a position of the index magnetic pole 181 in FIG. 7C.
[0065] On the other hand, if not (I_0) - (I_240) > I_sh
(step S280: No), the mechanical angle estimation unit 24
determines whether or not (1_0) - (1_240) is less than-
I_sh (step S281).

[0066] If (I_0) - (1_240) <-I_sh (step S281: Yes), base
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data (see FIG. 4) are referred to, and thereby, a mechan-
ical angle 6m is set at O degrees. That is, as FIG. 4 is
referred to, an inductance difference between a position
of an electrical angle of 0 (360) degrees (mechanical an-
gle of one of 0 degrees, 120 degrees, and 240 degrees)
and a position of an electrical angle of 240 degrees (me-
chanical angle of 80 degrees, 200 degrees, and 320 de-
grees) has a negative slope at a position of a mechanical
angle of 0 degrees.

[0067] On the other hand, if not (I_0) - (1_240) < -I_sh
(step S281: No), base data (see FIG. 4) are referred to,
and thereby, a mechanical angle 6m is set at 240 de-
grees. That is, as FIG. 4 is referred to, an inductance
difference between a position of an electrical angle of 0
(360) degrees (mechanical angle of one of 0 degrees,
120 degrees, and 240 degrees) and a position of an elec-
trical angle of 240 degrees (mechanical angle of one of
80 degrees, 200 degrees, and 320 degrees) is little or
has a slope near zero, that is, an absolute value of the
difference is less than |_sh, at a position of a mechanical
angle of 240 degrees.

[0068] Thus, the order of movement of the index mag-
netic pole 181 is not relevant in the detection method of
a mechanical angle according to the variation, and a me-
chanical angle 6m is obtained at a last position of the
movement. Whereas it is necessary to rotate the rotor
17 by a mechanical angle of up to 100 degrees in the
previous detection method (see FIG. 5), it is sufficient to
be up to 40 degrees in the present detection method. It
is not particularly necessary to divide the rotor 17 into
sectors in the present detection method.

[0069] A mechanical angle detection method accord-
ing to the variation of the motor 10 as described above
has the following steps that are executed by the control
device 20.

[0070] (a) A step of preliminarily storing an inductance
characteristic in a case where the index magnetic pole
181 that is an index of the rotor 17 is present at each slot
161 of the stator 16. (b) A step of detecting an initial elec-
trical angle phase of the rotor 17 by utilizing magnetic
saliency of the motor 10. (c) A step of moving the index
magnetic pole 181 to a position of an arbitrary first phase
and applying a high-frequency signal to obtain a first in-
ductance. (d) A step of moving a position of the index
magnetic pole 181 to a position of a second phase adja-
cent to the first phase and applying a high-frequency sig-
nal to obtain a second inductance. (e) A step of obtaining
a mechanical angle of the rotor 17 based on a difference
value between the first inductance and the second in-
ductance and the stored inductance characteristics. For
example, a closest first phase can be selected for the
arbitrary first phase at step (c) to reduce an amount of
movement as described by using FIG. 6A. At step (d), it
moves to a position of the second phase adjacent to the
first phase, for a next-closest position.
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Second embodiment

[0071] FIG. 8is a transverse sectional view illustrating
a motor 10A according to a second embodiment. The
motor 10A basically has the same configuration as the
motor 10 according to the first embodiment illustrated in
FIG. 2 and FIG. 3. That is, the motor 10A is different from
the motor 10 in the number and shapes of index magnetic
poles 181 with a magnetoresistance greater than those
of the others. In the present embodiment, it is also pos-
sible to accurately estimate a rotational position of a rotor
17 without using an encoder or the like.

[0072] As illustrated in FIG. 8, the motor 10A is such
that two index magnetic poles 181 are provided at an
interval of 180 degrees. That is, the two index magnetic
poles 181 are provided at point-symmetric positions.
Whereas the index magnetic pole 181 in the motor 10
according to the first embodiment is provided by forma-
tion of the grooves 182, the index magnetic poles 181 in
the motor 10A according to the second embodiment are
provided by forming a plurality of small holes 183 in a
circumferential direction. The other components are the
same components as the motor 10 according to the first
embodiment, and the descriptions thereof will be omitted
herein.

[0073] Thus, the rotor 17 of the motor 10A according
to the second embodimentis configured in suchamanner
that the index magnetic poles 181 are provided by form-
ing the plurality of small holes 183 on a core portion that
is included in at least one of a plurality of (six) magnetic
poles, in a circumferential direction. For example, a long
arc hole can also be provided, instead of the plurality of
small holes 183.

[0074] As illustrated in the drawing, the rotor 17 is me-
chanically compartmented into sectors 1, 2, 3, 4, 5, and
6 at an interval of 60 degrees (an electrical angle of 180
degrees) counterclockwise from a reference point that is
a position of a mechanical angle of 10 degrees. The com-
partmented sectors 1, 2, 3, 4, 5, and 6 are stored in the
storage unit 23 as sector information.

[0075] A coil 162 with N2 turns for sector 1, a coils 162
with N1 turns and N2 turns for sector 2, and a coil 162
with N1 turns for sector 3 are counterclockwise provided
for nine slots 161. In addition, two coils 162 with N1 turns
for sector 4, a coil 162 with N1 turns for sector 5, and
coils 162 with N2 turns and N1 turns for sector 6 are
provided.

Third embodiment

[0076] FIG. 9is a transverse sectional view illustrating
a motor 10B according to a third embodiment. The motor
10B basically has the same configuration as the motor
10A according to the second embodiment illustrated in
FIG. 8. The motor 10B is different from the motor 10A in
shapes of the index magnetic poles 181.

[0077] As illustrated in FIG. 9, two index magnetic
poles 181 are also provided at an interval of 180 degrees
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in the motor B, similarly to the motor 10A. The index mag-
netic poles 181 in the motor 10A are provided by forma-
tion of the plurality of small holes 183.

[0078] However, the index magnetic poles 181 in the
motor 10B are provided so that a size of an air gap 19
corresponding to a core portion included in one of a pair
of opposed magnetic poles is different from that of the
other. Specifically, a width of the air gap 19 at a core
portion of the index magnetic pole 181 is formed to be
greater than the other portions, so that a magnetoresist-
ance is increased. The other components are the same
components of the first or second embodiment, and the
descriptions thereof will be omitted herein. In the present
embodiment, it is also possible to accurately estimate a
rotational position of a rotor 17 without using an encoder
or the like.

[0079] Next, adetection method of a mechanical angle
of the motor 10A or 10B according to the second or third
embodiment will be described by using FIG. 10A to FIG.
12D.FIG. 10Ais adiagram illustrating an exemplary first-
half steps of a detection method of a mechanical angle
of the motor 10A and FIG. 10B is a diagram illustrating
an exemplary second-half steps thereof. FIG. 11 is a
graph that is an example of base data for detecting a
mechanical angle, the graphillustrating a value of electric
current with respect to the mechanical angle of the motor
10A for each phase. In this FIG. 11, a condition of the
numbers of turns of the coils 162 is a case of N1 < N2.
FIG. 12A to FIG. 12D are diagrams illustrating movement
of a rotor 17 of the motor 10A. Although the motor 10A
according to the second embodiment is used herein, the
motor 10B according to the third embodiment can also
be used.

[0080] Before going to steps in FIG. 10A, the storage
unit 23 of the control device 20 preliminarily stores an
inductance characteristic in a case where the index mag-
netic poles 181, 181 of the rotor 17 are present at posi-
tions that correspond to the respective slots 161 of the
stator 16.

[0081] Whengoingtothe stepsin FIG. 10A, the control
unit 21 of the control device 20 first detects an initial elec-
trical angle phase (step S300). In this case, detection of
an initial electrical angle phase can also be executed by
the well-known detection method described previously.
[0082] Then, the control unit21 determines whether or
not the detected initial electrical angle phase is a first
electrical angle phase (30 to 120 degrees) (step S310).
If determination is provided in such a manner that it is
the first electrical angle phase (step S310: Yes), the con-
trol unit 21 causes its process to go to step S350 illus-
trated in FIG. 10B. On the other hand, if determination is
provided in such a manner that it is not the first electrical
angle phase (step S310: No), the control unit 21 causes
its process to go to step S320.

[0083] At step S320, the control unit 21 determines
whether or not the detected initial electrical angle phase
is a second electrical angle phase (120 to 210 degrees).
If determination is provided in such a manner that it is
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the second electrical angle phase (step S320: Yes), the
control unit 21 causes its process to go to step S360
illustrated in FIG. 10B. On the other hand, if determination
is provided in such a manner that it is not the second
electrical angle phase (step S310: No), the control unit
21 causes its process to go to step S330.

[0084] At step S330, the control unit 21 determines
whether or not the detected initial electrical angle phase
is a third electrical angle phase (210 to 300 degrees). If
determination is provided in such a manner that it is the
third electrical angle phase (step S330: Yes), the control
unit 21 causes its process to go to step S370 illustrated
in FIG. 10B. On the other hand, if determination is pro-
vided in such a manner that it is not the third electrical
angle phase (step S310: No), the control unit 21 causes
its process to go to step S340. At this step S340, the
control unit 21 determines that the detected initial elec-
trical angle phase is a fourth electrical angle phase (300
to 390 (30) degrees).

[0085] The present detection method cannot detect a
mechanical angle across sectors, and hence, a process
at or after S310 is executed under the condition that the
initial electrical angle phase is within a range of -150 de-
grees to 30 degrees (sector 2, sector 4, or sector 6 in
FIG. 8) or 30 degrees to 210 degrees (sector 1, sector
3, or sector 5 in FIG. 8).

[0086] As illustratedin FIG. 10B, at step S350, that is,
in a case where the detected initial electrical angle phase
is the first electrical angle phase, the control unit 21
moves one index magnetic poles 181 to 61 (electrical
angle of 60 degrees). For example, as illustrated in FIG.
12A, one index magnetic pole 181 is positioned between
coils 162 with N1 turns for A; and with N2 turns for B
while the other index magnetic pole 181 is positioned to
be opposed to the coil 162 with N1 turns for C,. At such
positions, the measurement unit 22 applies a high-fre-
quency signal to detect electric current amplitude (1_1).
[0087] Then, the control unit 21 moves the index mag-
netic pole (181, 181) to 62 (electrical angle of 120 de-
grees). For example, as illustrated in FIG. 12B, one index
magnetic pole 181 is opposed to the coil 162 with N2
turns for B4 while the other index magnetic pole 181 is
positioned between the two coils 162, 162 with N1 turns
for C, and As. At such positions, the measurement unit
22 applies a high-frequency signal to detect electric cur-
rent amplitude (I_2) (step S351).

[0088] Subsequently, the control unit 21 causes its
process to go to step S352 and causes the mechanical
angle estimation unit 24 to determine whether or not
(1_2)-(I_1) is greater than I_sh. Herein, |_sh is an appro-
priately defined determination criterion value.

[0089] If(I_2)-(l_1)>1_sh(step S352: Yes), base data
(see FIG. 11) are referred to, and thereby, a mechanical
angle 6m is set at 40 degrees. That is, as FIG. 11 is
referred to, an inductance difference between a position
of an electrical angle of 120 degrees and a position of an
electrical angle of 60 degrees has a positive slope when
the index magnetic pole 181 is present at a position of a
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mechanical angle of 40 degrees (electrical angle of 120
degrees) (sector 1). This corresponds to a case where
the index magnetic poles 181, 181 are present at posi-
tions as illustrated in FIG. 12A and FIG. 12B.

[0090] Ontheotherhand,ifnot(l_2)-(I_1)>I_sh (step
S352: No), the mechanical angle estimation unit 24 de-
termines whether or not (I_2) - (I_1) is less than -I_sh
(step S353).

[0091] If (I_2) - (I_1) < - I_sh (step S353: Yes), base
data (see FIG. 11) are referred to, and thereby, a me-
chanical angle 6m is set at 160 degrees. That s, as FIG.
11 is referred to, an inductance difference between a
position of an electrical angle of 120 degrees and a po-
sition of an electrical angle of 60 degrees has a negative
slope when the index magnetic pole 181 is present at a
position of a mechanical angle of 160 degrees (electrical
angle of 120 degrees) (sector 3).

[0092] On the other hand, if not (I_2) - (I_1) < -I_sh
(step S353: No), base data (see FIG. 11) are referred to,
and thereby, a mechanical angle 6m is set at 280 de-
grees. That is, as FIG. 11 is referred to, an inductance
difference between a position of an electrical angle of
120 degrees and a position of an electrical angle of 60
degrees is little or has a slope near zero, that is, an ab-
solute value of the difference is less than |_sh, when the
index magnetic pole 181 is present at a position of a
mechanical angle of 280 degrees (electrical angle of 120
degrees) (sector 5).

[0093] On the other hand, if determination is provided
in such a manner that the initial electrical angle phase is
the second electrical angle phase (120 to 210 degrees)
(step S320: Yes), the control unit 21 moves the index
magnetic pole (181, 181) to 61 (electrical angle of 120
degrees) atstep S360. For example, as illustrated in FIG.
12B, one index magnetic pole 181 is opposed to the coil
162 with N2 turns for B while the other index magnetic
pole 181 is positioned between the two coils 162, 162
with N1 turns for C, and A3. At such positions, the meas-
urement unit 22 applies a high-frequency signal to detect
electric current amplitude (I_1).

[0094] Then, the control unit 21 moves the index mag-
netic pole 181 to 62 (electrical angle of 180 degrees). For
example, although not illustrated in the drawing, one in-
dex magnetic pole 181 is positioned between the coils
162, 162 with N2 turns for By and N1 turns for C4, while
the other index magnetic pole 181 is positioned to be
opposed to the coil 162 with N1 turns for A;. At such
positions, the measurement unit 22 applies a high-fre-
quency signal to detect electric current amplitude (I_2)
(step S361).

[0095] Subsequently, the control unit 21 causes its
process to go to step S362, and causes the mechanical
angle estimation unit 24 to determine whether or not
(I_2)-(I_1) is greater than I_sh.

[0096] If(I_2)-(l_1)>I_sh(step S362: Yes), base data
(see FIG. 11) are referred to, and thereby, a mechanical
angle 6m is set at 300 degrees. That is, as FIG. 11 is
referred to, an inductance difference between a position
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of an electrical angle of 180 degrees and a position of an
electrical angle of 120 degrees has a positive slope when
the index magnetic pole 181 is present at a position of a
mechanical angle of 300 degrees (electrical angle of 180
degrees) (sector 5).

[0097] Ontheotherhand,ifnot(l_2)-(I_1)>I_sh(step
S362: No), the mechanical angle estimation unit 24 de-
termines whether or not (1_2) - (I_1) is less than -I_sh
(step S363).

[0098] If (I_2) - (I_1) < - I_sh (step S363: Yes), base
data (see FIG. 11) are referred to, and thereby, a me-
chanical angle 6m is set at 60 degrees. That is, as FIG.
11 is referred to, an inductance difference between a
position of an electrical angle of 180 degrees and a po-
sition of an electrical angle of 120 degrees has a negative
slope when the index magnetic pole 181 is present at a
position of a mechanical angle of 60 degrees (electrical
angle of 180 degrees) (sector 1). This corresponds to a
case where the index magnetic poles 181, 181 are
present at positions as illustrated in FIG. 12B and para-
graph [0095] (one index magnetic pole 181 is positioned
between the coils 162, 162 with N2 turns for B, and N1
turns for C4, while the other index magnetic pole 181 is
positioned to be opposed to the coil 162 with N1 turns
for Az).

[0099] On the other hand, if not (I_2) - (I_1) < -I_sh
(step S363: No), base data (see FIG. 11) are referred to,
and thereby, a mechanical angle 6m is set at 180 de-
grees. That is, as FIG. 11 is referred to, an inductance
difference between a position of an electrical angle of
180 degrees and a position of an electrical angle of 120
degrees is little or has a slope near zero, that is, an ab-
solute value of the difference is less than |_sh, when the
index magnetic pole 181 is present at a position of a
mechanical angle of 180 degrees (electrical angle of 180
degrees) (sector 3).

[0100] If determination is provided in such a manner
that the initial electrical angle phase is the third electrical
angle phase (210 to 300 degrees) (step S330: Yes), the
control unit 21 moves the index magnetic pole (181, 181)
to 61 (electrical angle of 240 degrees) at step S370. For
example, as illustrated in FIG. 12C, one index magnetic
pole 181 is opposed to the coil 162 with N1 turns for C,
while the other index magnetic pole 181 is positioned
between the two coils 162, 162 with N1 turns for Az and
Bs. At such positions, the measurement unit 22 applies
a high-frequency signal to detect electric current ampli-
tude (1_1).

[0101] Then, the control unit 21 moves the index mag-
netic pole 181 to 62 (electrical angle of 300 degrees). For
example, as illustrated in FIG. 12D, one index magnetic
pole 181 is positioned between the coils 162, 162 with
N1 turns for C4 and N2 turns for A,, while the other index
magnetic pole 181 is positioned to be opposed to the coil
162 with N1 turns for B5. At such positions, the measure-
ment unit 22 applies a high-frequency signal to detect
electric current amplitude (I_2) (step S371).

[0102] Subsequently, the control unit 21 causes its
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process to go to step S372, and causes the mechanical
angle estimation unit 24 to determine whether or not
(I_2)-(I_1) is greater than I_sh.

[0103] If(I_2)-(I_1)>I_sh(step S372: Yes), base data
(see FIG. 11) are referred to, and thereby, a mechanical
angle 6m is set at 220 degrees. That is, as FIG. 11 is
referred to, an inductance difference between a position
of an electrical angle of 300 degrees and a position of an
electrical angle of 240 degrees has a positive slope when
the index magnetic pole 181 is present at a position of a
mechanical angle of 220 degrees (electrical angle of 300
degrees) (sector 4).

[0104] Ontheotherhand,ifnot(l_2)-(I_1)>I_sh (step
S372: No), the mechanical angle estimation unit 24 de-
termines whether or not (I_2) - (I_1) is less than -I_sh
(step S373).

[0105] If (I_2) - (I_1) < - |_sh (step S373: Yes), base
data (see FIG. 11) are referred to, and thereby, a me-
chanical angle 6m is set at 340 degrees. That s, as FIG.
11 is referred to, an inductance difference between a
position of an electrical angle of 300 degrees and a po-
sition of an electrical angle of 240 degrees has a negative
slope when the index magnetic pole 181 is present at a
position of a mechanical angle of 340 degrees (electrical
angle of 300 degrees) (sector 6).

[0106] On the other hand, if not (I_2) - (I_1) < -I_sh
(step S373: No), base data (see FIG. 11) are referred to,
and thereby, a mechanical angle 6m is set at 100 de-
grees. That is, as FIG. 11 is referred to, an inductance
difference between a position of an electrical angle of
300 degrees and a position of an electrical angle of 240
degrees is little or has a slope near zero, that is, an ab-
solute value of the difference is less than |_sh, when the
index magnetic pole 181 is present at a position of a
mechanical angle of 100 degrees (electrical angle of 300
degrees) (sector 2). This corresponds to a case where
the index magnetic poles 181, 181 are present at posi-
tions as illustrated in FIG. 12C and FIG. 12D.

[0107] If the initial electrical angle phase is the fourth
electrical angle phase (300 to 390 (30) degrees) (step
S340), the control unit 21 moves the index magnetic pole
(181, 181) to 61 (electrical angle of 300 degrees) at step
S380. For example, as illustrated in FIG. 12D, one index
magnetic pole 181 is positioned between the coils 162,
162 with N1 turns for C4 and N2 turns for A, while the
other index magnetic pole 181 is positioned to be op-
posed to the coil 162 with N1 turns for B;. At such posi-
tions, the measurement unit 22 applies a high-frequency
signal to detect electric current amplitude (I_1).

[0108] Then, the control unit 21 moves the index mag-
netic pole 181 to 62 (electrical angle of 0 degrees). For
example, although not illustrated in the drawing, one in-
dex magnetic pole 181 is opposed to the coil 162 with
N2 turns for A,, while the other index magnetic pole 181
is positioned between the coils 162, 162 with N1 turns
for B; and N2 turns for C3. At such positions, the meas-
urement unit 22 applies a high-frequency signal to detect
electric current amplitude (I_2) (step S381).
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[0109] Subsequently, the control unit 21 causes its
process to go to step S382, and causes the mechanical
angle estimation unit 24 to determine whether or not
(1_2)-(I_1) is greater than I_sh.

[0110] [f(1_2)-(l_1)>I_sh(step S382: Yes), base data
(see FIG. 11) are referred to, and thereby, a mechanical
angle Om is set at 120 degrees. That is, as FIG. 11 is
referred to, an inductance difference between a position
of an electrical angle of 0 degrees and a position of an
electrical angle of 300 degrees has a positive slope when
the index magnetic pole 181 is present at a position of a
mechanical angle of 120 degrees (electrical angle of 360
(0) degrees) (sector 2).

[0111] Ontheotherhand,ifnot(l_2)-(I_1)>I_sh(step
S382: No), the mechanical angle estimation unit 24 de-
termines whether or not (1_2) - (I_1) is less than -I_sh
(step S383).

[0112] If (I_2) - (I_1) < - I_sh (step S383: Yes), base
data (see FIG. 11) are referred to, and thereby, a me-
chanical angle 6m is set at 240 degrees. That s, as FIG.
11 is referred to, an inductance difference between a
position of an electrical angle of 0 degrees and a position
of an electrical angle of 300 degrees has a negative slope
when the index magnetic pole 181 is present at a position
of a mechanical angle of 240 degrees (electrical angle
of 360 (0) degrees) (sector 4).

[0113] On the other hand, if not (I_2) - (I_1) < -I_sh
(step S383: No), base data (see FIG. 11) are referred to,
and thereby, a mechanical angle 6m is set at 0 degrees.
Thatis, as FIG. 11 isreferred to, an inductance difference
between a position of an electrical angle of 0 degrees
and a position of an electrical angle of 300 degrees is
little or has a slope near zero, that is, an absolute value
of the difference is less than I_sh, when the index mag-
netic pole 181 is present at a position of a mechanical
angle of 0 degrees (electrical angle of 360 (0) degrees)
(sector 6).

[0114] A detection method of a mechanical angle of
the motor 10A or 10B described above has the following
steps that are executed by the control device 20.

(a) A step of preliminarily storing inductance charac-
teristics in a case where the two index magnetic
poles 181 that are provided at point-symmetric po-
sitions and are indices among a plurality of magnetic
poles in the rotor 17 are present at respective slots
161 of the stator 16. (b) A step of detecting an initial
electrical angle phase of the rotor 17 by utilizing mag-
netic saliency of the motor 10A or 10B. (c) A step of
moving one of the two index magnetic poles 181 to
a position of a first arbitrary phase with the initial
electrical angle phase being within a range of -150
degrees to 30 degrees or 30 degrees to 210 degrees
and applying a high-frequency signal to obtain a first
inductance. (d) A step of moving the otherindexmag-
netic pole 181 to a position of a second arbitrary
phase within the range of step (c) and applying a
high-frequency signalto obtain a second inductance.
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(e) A step of obtaining a mechanical angle of the
rotor 17 based on a difference value between the
first inductance and the second inductance, and the
stored inductance characteristics. A phase closest
to the initial electrical angle phase can be selected
for the first arbitrary phase at step (c). A phase clos-
est to a position of 180 degrees with respect to the
initial electrical angle phase can be selected for the
second arbitrary phase at step (d).

[0115] According to the motor 10, 10A, or 10B, the mo-
tor systems 1, and the detection method of a mechanical
angle of the motor 10, 10A, or 10B as described above,
it is possible to estimate an absolute position of the rotor
17 directly.

[0116] In the detection method of a mechanical angle
described above, two index magnetic poles 181 and six
sectors are provided, and hence, an amount of rotation
of the rotor 17 that is necessary to detect a mechanical
angle can be reduced by half.

[0117] Although the present invention has been de-
scribed above by means of embodiments and variations,
the kind of the motor 10, 10A, or 10B, the number of poles
or the number of slots of the motor 10, 10A, or 10B, or
the like, can be set appropriately.

[0118] Due to the embodiments described above, the
following motors are realized.

(a) The motor 10, 10A, or 10B that includes the stator
16 wherein the plurality of coils 162 are wound
around the respective slots 161 for each of a plurality
of phases and the number of turns of one of the plu-
rality of coils 162 is different from those of the others
for each of the phases, and the rotor 17 that is ar-
ranged opposite to the stator 16 through the prede-
termined air gap 19 wherein a magnetoresistance of
at least one of a plurality of magnetic poles that are
formed of the plurality of permanent magnets 18 ar-
ranged in a circumferential direction of the rotor core
17a is different from those of the others.

(b) The motor 10 wherein the rotor 17 is such that
the groove 182 is formed on a portion of the rotor
core 17athatisincludedin atleast one of the plurality
of magnetic poles.

(c) The motor 10A wherein the rotor 17 is such that
a plurality of small holes are formed, in a circumfer-
ential direction, on a portion of the rotor core 17a that
is included in at least one of the plurality of magnetic
poles.

(d) The motor 10B wherein the rotor 17 is such that
a size of the air gap 19 at a portion of the rotor core
17a that is included in a pair of opposed magnetic
poles among the plurality of magnetic poles is differ-
ent from those of the others.

(e) The motor 10, 10A, or 10B wherein the rotor 17
is such that one magnetic pole is formed of the per-
manent magnets 18, 18 arranged in a substantial V-
shape.



21 EP 3 029 817 A1 22

(f) The motor 10, 10A, or 10B wherein the stator 16
is a three-phase and nine-slot stator and the rotor
17 is such that the total number of magnetic poles
that face the air gap 19 is six.

[0119] The following motor system is realized by
means of the embodiments described above.

(g) The motor system 1 that includes the motor 10,
10A, or 10B according to any one of (a) - (f) described
above, and the control device 20 that controls the
motor 10, 10A, or 10B, wherein the control device
20 includes the rotor control unit 21 that controls ro-
tation of the rotor 17, the inductance measurement
unit 22 that detects an inductance of the coil 162 of
the stator 16, the storage unit 23 that stores sector
information that divides the rotor 17 into sectors (for
example, sectors 1, 2, and 3 in FIG. 3, or sectors 1,
2,3,4,5, and 6 in FIG. 8) at a predetermined me-
chanical angle interval and a reference inductance
for each of the sectors, and the mechanical angle
estimation unit 24 that estimates a mechanical angle
of the rotor 17 based on a value of the inductance
measured by the inductance measurement unit 22
and the reference inductance stored in the storage
unit 23.

[0120] The following detection method of a mechanical
angle of a motor isrealized by means of the embodiments
described above.

(h) A detection method of a mechanical angle of a
motor that includes the motor 10 and the control de-
vice 20 that controls the motor 10, wherein the control
device 20 preliminarily stores an inductance charac-
teristic in a case where the index magnetic pole 181
that is an index of the rotor 17 is present at each of
the slots 161 of the stator 16, detects an initial elec-
trical angle phase of the rotor 17 by utilizing a mag-
netic saliency of the motor 10, moves the index mag-
netic pole 181 to a first position that corresponds to
an arbitrary first phase based on the initial electrical
angle phase, and applies a high-frequency signal to
the first phase to measure a first inductance, moves
the index magnetic pole 181 to a second position
that is adjacent to the first position and corresponds
to asecond phase, and applies a high-frequency sig-
nal to the second phase to measure a second in-
ductance, further moves the index magnetic pole 181
to a third position that is different from the first posi-
tion and the second position and corresponds to a
third phase, and applies a high-frequency signal to
the third phase to measure a third inductance, and
obtains a mechanical angle of the rotor 17 based on
a magnitude relation among the first to third induct-
ances measured at the respective positions and the
stored inductance characteristics.
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[0121] A detection method of a mechanical angle of a
motor that includes the motor 10 and the control device
20 that controls the motor 10, wherein the control device
20 preliminarily stores an inductance characteristic in a
case where the index magnetic pole 181 that is an index
of the rotor 17 is present at each of the slots 161 of the
stator 16, detects an initial electrical angle phase of the
rotor 17 by utilizing a magnetic saliency of the motor 10,
moves the index magnetic pole 181 to a position of an
arbitrary first phase and applies a high-frequency signal
to obtain a first inductance, then moves a position of the
magnetic pole to a position of a second phase adjacent
to the first phase and applies a high-frequency signal to
obtain a second inductance, and obtains a mechanical
angle of the rotor 17 based on a difference value between
the first inductance and the second inductance and the
stored inductance characteristics.

(j) A detection method of a mechanical angle of a
motor that includes the motor 10A or 10B according
to any one of (c) to (f) described above, and the con-
trol device 20 that controls the motor 10A or 10B,
wherein the rotor 17 is such that the two index mag-
netic poles 181, 181 that are indices, among the plu-
rality of magnetic poles, are provided at point-sym-
metric positions, and the control device 20 prelimi-
narily stores an inductance characteristic in a case
where the index magnetic pole 181 is presentateach
of the slots 161 of the stator 16, detects an initial
electrical angle phase of the rotor 17 by utilizing a
magnetic saliency of the motor 10A or 10B, moves
one of the two index magnetic poles 181, 181 to a
position of afirst arbitrary phase while the initial elec-
trical angle phase is within a range of -150 degrees
to 30 degrees or 30 degrees to 210 degrees, and
applies a high-frequency signal to obtain a first in-
ductance, moves the other index magnetic pole 181
to a position of a second arbitrary phase while the
initial electrical angle phase is within a range of - 150
degreesto 30 degrees or 30 degreesto 210 degrees,
and applies a high-frequency signal to obtain a sec-
ond inductance, and obtains a mechanical angle of
the rotor 17 based on a difference value between
the first inductance and the second inductance and
the stored inductance characteristics.

[0122] Additional advantages and modifications will
readily occur to those skilled in the art. Therefore, the
invention in its broader aspects is not limited to the spe-
cific details and representative embodiments shown and
described herein. Accordingly, various modifications
may be made without departing from the spirit or scope
of the general inventive concept as defined by the ap-
pended claims and their equivalents.

Reference Signs List

[0123]
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motor system

10 motor

16 stator

17 rotor

17a  rotor core

18 permanent magnet

19 air gap

20 control device

21 rotor control unit

22 inductance measurement unit
23 storage unit

24 mechanical angle estimation unit
161  slot

162  caoil

181  index magnetic pole

182  groove

183  small hole

Claims

1. A motor, comprising:

a stator in which a plurality of coils are wound
around respective slots for each of a plurality of
phases, a number of turns of one of the plurality
of coils being different from those of others for
each of the phases; and

a rotor that is arranged opposite to the stator
through a predetermined air gap, among a plu-
rality of magnetic poles formed of a plurality of
permanent magnets arranged in a circumferen-
tial direction of a core, a magnetoresistance of
at least one magnetic pole being different from
those of others.

The motor according to claim 1, wherein the rotor is
such that a groove is formed on a portion of the core
thatis included in at least one of the plurality of mag-
netic poles.

The motor according to claim 1, wherein the rotor is
such that a plurality of small holes are formed along
the circumferential direction on a portion of the core
thatis included in at least one of the plurality of mag-
netic poles.

The motor according to claim 1, wherein the rotor is
such that among the plurality of magnetic poles, a
size of the air gap corresponding to a portion of the
core included in one of a pair of opposed magnetic
poles is different from that of another.

The motor according to any one of claims 1 to 4,
wherein the rotor is such that one magnetic pole is
formed of the permanentmagnets arranged in a sub-
stantial V-shape.
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The motor according to any one of claims 1 to 4,
wherein

the stator includes a three-phase and nine-slot sta-
tor, and

therotoris such that atotal number of magnetic poles
that face the air gap is six.

The motor according to claim 5, wherein

the stator includes a three-phase and nine-slot sta-
tor, and

therotoris such that atotal number of magnetic poles
that face the air gap is six.

A motor system, comprising:

the motor according to any one of claims 1 to 4;
and

a control device that controls the motor,

the control device comprising:

a rotor control unit that controls rotation of
the rotor;

an inductance measurement unit that de-
tects an inductance of the coil of the stator;
a storage unit that stores sector information
that divides the rotator into sectors at a pre-
determined mechanical angle interval and
a reference inductance for each of the sec-
tors; and

a mechanical angle estimation unit that es-
timates a mechanical angle of the rotor
based on a value of the inductance meas-
ured by the inductance measurement unit
and the reference inductance stored in the
storage unit.

9. A motor system, comprising:

the motor according to claim 5; and
a control device that controls the motor,
the control device comprising:

a rotor control unit that controls rotation of
the rotor;

an inductance measurement unit that de-
tects an inductance of the coil of the stator;
a storage unit that stores sector information
that divides the rotator into sectors at a pre-
determined mechanical angle interval and
a reference inductance for each of the sec-
tors; and

a mechanical angle estimation unit that es-
timates a mechanical angle of the rotor
based on a value of the inductance meas-
ured by the inductance measurement unit
and the reference inductance stored in the
storage unit.
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10. A motor system, comprising:

the motor according to claim 6; and
a control device that controls the motor,
the control device comprising:

a rotor control unit that controls rotation of
the rotor;

an inductance measurement unit that de-
tects an inductance of the coil of the stator;
a storage unit that stores sector information
that divides the rotator into sectors at a pre-
determined mechanical angle interval and
a reference inductance for each of the sec-
tors; and

a mechanical angle estimation unit that es-
timates a mechanical angle of the rotor
based on a value of the inductance meas-
ured by the inductance measurement unit
and the reference inductance stored in the
storage unit.

11. Adetection method of a mechanical angle of a motor
in a motor system,
the motor system comprising:

the motor according to any one of claims 1 to 4;
and

a control device that controls the motor,

the detection method comprising:

preliminarily storing an inductance charac-
teristic in a case where an index magnetic
pole that is an index of the rotor is present
at each of the slots of the stator;

detecting an initial electrical angle phase of
the rotor by utilizing a magnetic saliency of
the motor;

moving the index magnetic pole to a first
position that corresponds to an arbitrary first
phase based on the initial electrical angle
phase, and applying a high-frequency sig-
nal to the first phase to measure a first in-
ductance;

moving the index magnetic pole to a second
position that is adjacent to the first position
and corresponds to a second phase, and
applying a high-frequency signal to the sec-
ond phase to measure a second induct-
ance;

further moving the index magnetic pole to a
third position that is different from the first
position and the second position and corre-
sponds to a third phase, and applying a
high-frequency signal to the third phase to
measure a third inductance; and

obtaining a mechanical angle of the rotor
based on a magnitude relation of the first to
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third inductances measured at the respec-
tive positions and the stored inductance
characteristic.

12. A detection method of a mechanical angle of a motor
in a motor system,
the motor system comprising:

the motor according to claim 5; and
a control device that controls the motor,
the detection method comprising:

preliminarily storing an inductance charac-
teristic in a case where an index magnetic
pole that is an index of the rotor is present
at each of the slots of the stator;

detecting an initial electrical angle phase of
the rotor by utilizing a magnetic saliency of
the motor;

moving the index magnetic pole to a first
position that corresponds to an arbitrary first
phase based on the initial electrical angle
phase, and applying a high-frequency sig-
nal to the first phase to measure a first in-
ductance;

moving the index magnetic pole to a second
position that is adjacent to the first position
and corresponds to a second phase, and
applying a high-frequency signal to the sec-
ond phase to measure a second induct-
ance;

further moving the index magnetic pole to a
third position that is different from the first
position and the second position and corre-
sponds to a third phase, and applying a
high-frequency signal to the third phase to
measure a third inductance; and

obtaining a mechanical angle of the rotor
based on a magnitude relation of the first to
third inductances measured at the respec-
tive positions and the stored inductance
characteristic.

13. Adetection method of a mechanical angle of a motor
in a motor system,
the motor system comprising:

the motor according to claim 6; and
a control device that controls the motor,
the detection method comprising:

preliminarily storing an inductance charac-
teristic in a case where an index magnetic
pole that is an index of the rotor is present
at each of the slots of the stator;

detecting an initial electrical angle phase of
the rotor by utilizing a magnetic saliency of
the motor;
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moving the index magnetic pole to a first
position that corresponds to an arbitrary first
phase based on the initial electrical angle
phase, and applying a high-frequency sig-
nal to the first phase to measure a first in-
ductance;

moving the index magnetic pole to a second
position that is adjacent to the first position
and corresponds to a second phase, and
applying a high-frequency signal to the sec-
ond phase to measure a second induct-
ance;

further moving the index magnetic pole to a
third position that is different from the first
position and the second position and corre-
sponds to a third phase, and applying a
high-frequency signal to the third phase to
measure a third inductance; and

obtaining a mechanical angle of the rotor
based on a magnitude relation of the first to
third inductances measured at the respec-
tive positions and the stored inductance
characteristic.

14. A detection method of a mechanical angle of a motor
in a motor system,
the motor system comprising:

the motor according to any one of claims 1 to 4;
and

a control device that controls the motor,

the detection method comprising:

preliminarily storing an inductance charac-
teristic in a case where an index magnetic
pole that is an index of the rotor is present
at each of the slots of the stator;

detecting an initial electrical angle phase of
the rotor by utilizing a magnetic saliency of
the motor;

moving the index magnetic pole to a position
of an arbitrary first phase and applying a
high-frequency signal to obtain a first in-
ductance;

then moving a position of the magnetic pole
to a position of a second phase adjacent to
the first phase and applying a high-frequen-
cy signal to obtain a second inductance; and
obtaining a mechanical angle of the rotor
based on a difference value between the
firstinductance and the second inductance
and the stored inductance characteristic.

15. Adetection method of a mechanical angle of a motor
in a motor system,

the motor system comprising:

the motor according to claim 5; and

10

15

20

25

35

40

45

50

55

15

28

a control device that controls the motor,
the detection method comprising:

preliminarily storing an inductance charac-
teristic in a case where an index magnetic
pole that is an index of the rotor is present
at each of the slots of the stator;

detecting an initial electrical angle phase of
the rotor by utilizing a magnetic saliency of
the motor;

moving the index magnetic poleto a position
of an arbitrary first phase and applying a
high-frequency signal to obtain a first in-
ductance;

then moving a position of the magnetic pole
to a position of a second phase adjacent to
the first phase and applying a high-frequen-
cy signalto obtain a second inductance; and
obtaining a mechanical angle of the rotor
based on a difference value between the
firstinductance and the second inductance
and the stored inductance characteristic.

16. A detection method of a mechanical angle of a motor
in a motor system,
the motor system comprising:

the motor according to claim 6; and
a control device that controls the motor,
the detection method comprising:

preliminarily storing an inductance charac-
teristic in a case where an index magnetic
pole that is an index of the rotor is present
at each of the slots of the stator;

detecting an initial electrical angle phase of
the rotor by utilizing a magnetic saliency of
the motor;

moving the index magnetic pole to a position
of an arbitrary first phase and applying a
high-frequency signal to obtain a first in-
ductance;

then moving a position of the magnetic pole
to a position of a second phase adjacent to
the first phase and applying a high-frequen-
cy signalto obtain a second inductance; and
obtaining a mechanical angle of the rotor
based on a difference value between the
first inductance and the second inductance
and the stored inductance characteristic.

17. A detection method of a mechanical angle of a motor
in a motor system,
the motor system comprising:

the motor according to claim 3 or 4; and
a control device that controls the motor,
the rotor being such that two index magnetic
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poles that are indices, among the plurality of
magnetic poles, are provided at point-symmetric
positions, and

the detection method comprising:

preliminarily storing an inductance charac-
teristic in a case where the index magnetic
poles are present at the respective slots of

the stator;

detecting an initial electrical angle phase of 10
the rotor by utilizing a magnetic saliency of

the motor;

moving one of the two index magnetic poles

to a position of a first arbitrary phase, with

the initial electrical angle phase being within 75
a range of -150 degrees to 30 degrees or

30 degrees to 210 degrees, and applying a
high-frequency signal to obtain a first in-
ductance;

moving another index magnetic pole to a 20
position of a second arbitrary phase within

the range, and applying a high-frequency
signal to obtain a second inductance; and
obtaining a mechanical angle of the rotor
based on a difference value between the 25
firstinductance and the second inductance

and the stored inductance characteristic.
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